Integrins and growth factor receptors of the ErbB family are involved in the regulation of cellular interactions with the extracellular microenvironment. Cross-talk between these two groups of transmembrane receptors is essential for cellular responses and can be regulated through the formation of multimolecular complexes. Tetraspanins as facilitators and building blocks of specialized microdomains may be involved in this process. In the present study, we demonstrated that, in contrast with previous reports, integrin-mediated adhesion did not stimulate ligand-independent activation of ErbB receptors in epithelial cells. However, integrindependent adhesion potentiated ligand-induced activation of EGFR (epidermal growth factor receptor) and ErbB2 and facilitated receptor homo-and hetero-dimerization. The actin cytoskeleton appeared to play a critical role in this phenomenon.
ling complexes may also contain other transmembrane proteins, such as growth factor receptors and tetraspanins, organizers of specialized microdomains.
Co-clustering of adhesion and ErbB receptors may be induced not only by cell attachment but also by independent activation of receptors downstream targets such as FAK (focal adhesion kinase). For example, TGFβ1 (transforming growth factor β1)-dependent activation of Src/FAK has been reported to cause clustering of ErbB2 with α6β1 and α6β4 integrins, thus triggering signalling that led to cell migration and survival in breast cancer cells [11] .
Activation of both types of receptors leads to the initiation of overlapping downstream signalling pathways providing a basis for both signalling interplay and signal integration. Indeed, there is abundant evidence for various means of reciprocal regulation. Well-characterized focal points of this cross-talk include direct cross-activation of the receptors, activation of Ras-Raf-ERK (extracellular-signal-regulated kinase) and Rac signalling pathways [10, 12, 13] . There are also two examples of cross-ligand binding: (i) the MMP (matrix metalloproteinase)-generated proteolytic fragment of laminin γ 2 chain binds to EGFR (EGF receptor) [14] ; and (ii) NRG1 (neuregulin 1) binds to α6β4 integrin and significantly affects ErbB3 signalling through the formation of a ternary ErbB3-α6β4-NRG1 complex [15] . Finally, growth factor receptors can regulate the expression levels of various integrins thus influencing their function [16, 17] . For instance, integrin α5 is up-regulated in ErbB2-positive breast cancers and is required for ErbB2-dependent resistance to anoikis [18] . Adhesion may also facilitate ligand-dependent signalling of growth factor receptors, determining how the cell responds to extracellular stimuli [4, 13, 19, 20] . In our work, we specifically focused on investigating molecular mechanisms underlying the ability of integrins to modulate activation of ErbB receptors. The effect of cell adhesion on ligand-independent and ligand-dependent phosphorylation of ErbB receptors (A) Serum-starved HB2 cells were incubated in suspension or plated on LN5M-coated dishes (LN5M) at 37 • C for various lengths of time. The cells were lysed in 1 % Triton X-100 and the complexes were immunoprecipitated (IP) using a specific anti-EGFR mAb (monoclonal antibody). Proteins were resolved by SDS/10 % PAGE, transferred to a nitrocellulose membrane and probed with indicated antibodies. (B-D). Serum-starved KSHV-infected keratinocytes were kept in suspension or plated on LN5M-coated dishes (LN5M) at 37 • C for 80 min. The cells were subsequently incubated with EGF (50 ng/ml) for various times. Expression levels and phosphorylation of proteins were analysed using Western blotting (WB). MEK, MAPK/ERK kinase.
How does cell-ECM adhesion affect ligand-independent EGFR and ErbB2 phosphorylation?
In the past, a number of studies reported that adhesion to ECM could lead to the activation of several growth factor receptors in the absence of ligand [2, [21] [22] [23] . These studies were carried out using various epithelial cell lines, NIH 3T3 fibroblasts and endothelial cells. Ligand-independent activation of EGFR in these cells promoted PI3K-mediated cell survival [2, 21, 22] and adhesion-dependent induction of cyclin D1 and p21, Rb (retinoblastoma protein) phosphorylation and activation of Cdk4 (cyclin-dependent kinase 4) [24] . In these conditions, phosphorylation of EGFR was also dependent on transient interactions of downstream effectors of integrin signalling, including p130 Cas, c-Src and Crk [2, 22] .
In contrast with these reports, we found that there was no significant change in the phosphorylation status of EGFR following plating of serum-starved mammary epithelial cells (HB2 cells) on FN or LN5M (laminin 5), ligands for α5β1 and α3β1 integrins respectively. In these experiments, we observed that EGFR and ErbB2 were phosphorylated at a low level in serum-starved HB2 cells kept in suspension, and adhesion to LN5M or FN in the absence of growth factors did not increase receptor phosphorylation ( Figure 1A and [21, 22] may be due to the differences in expression levels of EGFR. Whereas we analysed the effect of cell adhesion in cells expressing moderate levels of EGFR, Moro et al. [21, 22] in their experiments used cell models with high levels of the receptor (i.e. NIH 3T3 fibroblasts, transfected to express high levels of EGFR and ECV304 endothelial cells). Because the elevated level of EGFR will result in a higher proportion of EGFRintegrin complexes on the cell surface, integrin clustering at adhesion sites may further increase the local density of the associated EGF receptor. Given that EGFR may function as a constitutively active kinase [26] this integrin-driven clustering of the receptor may promote its phosphorylation even in the absence of growth factors.
Cell-ECM adhesion modulates ligandinduced EGFR and ErbB2 activity
To investigate the role of cell adhesion on the ligandinduced activation of the ErbB receptors, serum-starved cells were plated on various ECM substrates and subsequently stimulated with EGF for various lengths of time. In preliminary experiments, we found that the contribution of ECM ligands to EGF-induced phosphorylation of ErbB proteins was strongest when cells were plated on ECM for 80 min, and this coincided with the time required for the cells to acquire a 'fully spread' morphology. We found that plating cells on LN5M, FN or COL-I (collagen type I) greatly potentiated EGF-induced phosphorylation of both EGFR and its dimerization partner ErbB2 (Figures 1B and 1C and results not shown). The most pronounced effect on EGF-induced phosphorylation of EGFR and ErbB2 was observed when cells were plated on LN5M. The effect on ErbB phosphorylation was early and transient, with a peak at 30 s-2 min after EGF stimulation, phosphorylation returned to basal levels at later time points (Figures 1B and  1C) . Cell adhesion to LN5M also potentiated the TGFα-(another EGFR ligand) induced phosphorylation of EGFR and ErbB2 with similar kinetics, but had no effect on the heregulin (HRGα)-induced phosphorylation of ErbB3 and ErbB2 (results not shown). These results showed that the stimulatory effect of adhesion on the phosphorylation of ErbB family of growth factor receptors is specific for EGFR and ErbB2. We also compared EGF-and TGFα-induced phosphorylation of EGFR and ErbB2 in cells plated on LN5M and pLL (poly-L-lysine), a non-integrin ligand. Although the degree of cell spreading was comparable for both substrates, ligand-induced phosphorylation of the ErbB proteins was markedly higher in cells attached to the laminin. Thus the adhesion-dependent effect on phosphorylation of the ErbB proteins was due to integrin engagement.
Upon binding of growth factors, dimerization of ErbB proteins allows for maximal kinase activation and efficient auto-and cross-phosphorylation of tyrosine residues in the C-terminal cytoplasmic part of the receptors. Subsequently, phosphorylated tyrosine residues act as specific focal points for recruitment of adaptor molecules, cytoplasmic kinases and phosphatases, thereby initiating tightly regulated signals from and downstream of the receptors. Adhesion of KSHV keratinocytes to LN5M potentiated the EGF-induced phosphorylation of all tyrosine residues tested in EGFR and ErbB2 with similar kinetics (Figures 1B and 1C) . Figure 1D ). This indicates that adhesion-dependent potentiation of EGFR and ErbB2 phosphorylation is transmitted further downstream to modify intracellular signalling.
Ligand binding and receptor dimerization are the primary events leading to receptor kinase activation and auto-and cross-phosphorylation of the ErbB proteins. The potentiation of ligand-induced phosphorylation of EGFR and ErbB2 described above suggests that cell-ECM interactions may have an effect on the ligand-induced receptor homoand hetero-dimerization. To examine this possibility, we compared EGF-induced homo-and hetero-dimerization of EGFR and ErbB2 in KSHV cells after adhesion to LN5M and pLL. These experiments were carried out using iodinated EGF, which was covalently cross-linked to receptor on the cell surface. This protocol allowed us to visualize only ligand-bound molecules. We detected an increase in the levels of ligand-bound EGFR (both dimers and monomers) and ErbB2 in cells plated on LN5M (Figure 2A ). Similar results were obtained when the experiments were performed with non-labelled EGF ( Figure 2B ). These results suggest that integrin-dependent cell attachment potentiates ligand binding and ligand-induced formation of EGFR-EGFR and EGFRErbB2 dimers.
The complex of EGFR with α3β1 integrin: the role of tetraspanin CD151 in mediating the activity of α3β1 towards EGFR
Integrins can interact with ErbB receptors either directly or within macromolecular complexes on the cell surface [4, 23, 27, 28] . In fact, one of the recent models suggested a regulatory role for integrins in the interaction between adhesion and growth factor receptors with integrin functioning as a Figure 1 . (E) Serum-starved KSHV keratinocytes were plated on either pLL-or LN5M-coated dishes for 20 min at 37 • C before addition of CytB (10 μg/ml) or DMSO. Cells were incubated for 1 h at 37 • C and then stimulated with EGF (50 ng/ml) for various times. Proteins were analysed using Western blotting as described above.
rheostat controlling signalling output [4] . We established that, in KSHV keratinocytes α3β1, the principal LN5M receptor, could be co-immunoprecipitated with EGFR and ErbB2 ( Figure 2D) . Similarly, EGFR, but not ErbB2, was shown to interact with two other LN5M-binding integrins (i.e. α6β1 and α6β4). Importantly, whereas the interaction of EGFR and ErbB2 with integrin α3β1 was not altered upon cell adhesion to LN5M, EGF stimulation induced rapid dissociation of EGFR from α3β1 integrin ( Figure 2D ). Ligand binding induces sequestration of EGFR to specific microdomains on the cell surface, which is followed by internalization of the ligand-receptor complex [29] . Therefore it is possible that EGF-induced disassembly of the integrin-EGFR complex is a result of compartmental separation of the proteins on the plane of the cell membrane. To account for this possibility, we carried out protein fractionation by flotation of cellular lysates on a continuous sucrose gradient. The results of these experiments showed that stimulation of KSHV cells with EGF did not cause noticeable redistribution of EGFR, ErbB2, ErbB3 and α3β1 in LN5M-adherent cells, indicating that this is an unlikely reason for the ligand-induced dissociation of the EGFR-α3β1 complex. We then considered the involvement of tetraspanins. Tetraspanins comprise a group of fourtransmembrane domain proteins, which interact with each other to form TEMs (tetraspanin-enriched microdomains), and provide specific microenvironment for TEM-associated proteins [30] . Various members of the tetraspanin family have been shown to interact with and modulate the adhesion as well as the activity of growth factor receptors [30] [31] [32] [33] [34] . Importantly, the association with tetraspanins (and recruitment to TEM) may lead to either attenuation or augmentation of the activity of ErbB receptors and integrins [30] . For instance, tetraspanin CD82 was shown to associate with and inhibit ligand-induced dimerization of EGFR and ErbB2, while leaving ligand-induced ErbB2-ErbB3 interaction unaffected [35] . Tetraspanin CD151 is known to associate with and regulate the function of β1 integrins [30, 32, 33] . It was also shown that, in breast cancer cells, CD151 may regulate EGF-induced cellular responses [36] . Finally, it has been reported that (i) EGFR-tetraspanin complexes are disrupted upon EGF stimulation [34] ; (ii) tetraspanins regulate membrane compartmentalization of ErbB receptors and α3β1 integrin [35] .
We examined the contribution of tetraspanins by analysing ligand-induced phosphorylation of EGFR and ErbB2 receptors in 804G cells overexpressing tetraspanin CD151 (804G/CD151 cell-line). We observed that the potentiating effect of integrin-mediated adhesion on EGF-induced phosphorylation of EGFR and ErbB2 was diminished in 804G/CD151 cells when compared with the control 804G cells ( Figure 2C ). While the underlying molecular mechanisms remain unknown, these results strengthen the idea that the cross-talk between integrins and growth factor receptors can be regulated by tetraspanins.
The role of actin cytoskeleton in integrin-EGFR cross-talk
Integrin binding to ECM ligands induces extensive reorganization of the actin cytoskeleton, which is necessary for the formation of adhesion platforms [37, 38] . Actin polymerization may also play an important role in regulation of the ECM-induced phosphorylation of EGFR and ErbB2. Indeed, Moro et al. [21] showed that in ECV304 endothelial cells treatment with CytB (cytochalasin B), an inhibitor of actin polymerization, enhanced COL-I-induced, growth factor-independent phosphorylation of EGFR. In another study, Yu et al. [23] showed that the effect of α2β1 on the activity of EGFR was dependent on cell adhesion to a solid substratum (in this case COL-I), suggesting that tension generated by the ECM may act through the actin cytoskeleton to promote α2β1-EGFR association and EGFR activation. We found that in KSHV keratinocytes both the potentiating effect of cell-ECM adhesion on EGF-induced EGFR/ErbB2 phosphorylation and EGFR dimerization were abrogated after CytB treatment ( Figure 2E ). Thus these results demonstrated the importance of actin cytoskeleton for modulatory activity of integrins towards ErbB receptors.
How do integrins 'manage' growth factor receptor signalling?
Extensive research on the regulation of growth factor receptor activation and signalling by integrin-mediated cell adhesion indicate that these two classes of receptors work in coordination with each other. Several studies showed that integrin ligation allows for the maximal activation of growth factor receptors, thereby producing robust intracellular signals and directing cell fate [4, 10, 39, 40] . The model, which suggests that activated integrin modulates intensity and duration of the signal produced by receptor tyrosine kinase as a rheostat [4] , is certainly plausible and provides better explanation for the discrepancies in published results. Our results emphasize the importance of adhesion for augmentation of ligand-induced signalling through ErbB receptors; moreover, they also reveal clear specificity in the adhesion-dependent modulatory effect towards various members of the ErbB family. Furthermore, for the first time we demonstrated that integrin-mediated cell adhesion facilitates ligand-induced dimerization of EGFR and ErbB2, and that actin polymerization is an important factor in this process. While the molecular mechanisms remain unknown, one of the explanations is that rearrangement of the actin cytoskeleton may initiate alterations in the local organization of the plasma membrane and bring in close proximity receptors with their transmembrane or cytoplasmic effectors. This, in turn, will influence receptor-receptor interactions. For example, scaffolding proteins, such as FAK, may be important in recruiting EGFR at sites of cell adhesion. FAK is activated and recruited to the sites of cell-ECM contacts upon integrin activation [41] and this event is dependent on the adhesion-mediated organization of the actin cytoskeleton [42, 43] .
ErbB receptors have been thoroughly studied as targets for anticancer therapy with promising results [44] . Understanding of the integrin-mediated regulation of ErbB signalling could potentially provide further insights into the efficiency of these receptors as therapeutic targets. The biological importance of the links between extracellular milieu and intracellular processes is obvious, but a proper understanding of these links needs further detailed investigation.
